The distinction between normal and leukemic bone marrow (BM) Bprecursors is essential for the diagnosis and treatment monitoring of acute lymphoblastic leukemia (ALL). In order to evaluate the potential use of quantitative fluorescence cytometry (QFC) for this distinction, we studied 21 normal individuals and 40 patients with CD10 + ALL. We characterized the age-related changes of the CD10, CD19, TdT, CD34 and CD79a densities in normal and leukemic BM. Compared to normal adults, the B-precursors from normal children expressed significantly lower values of CD34-specific antibody binding capacity (SABC) (median value of 86.6 vs 160.2 arbitrary units (a.u.) in children and adults, respectively). No significant age-related difference was observed in the expression of the other markers in the normal BM, or in any of the markers in the leukemic BM. Based on the literature, we set the cut-off value for the normal CD10 expression at 45 x 10 3 a.u. for both age groups. For the remaining markers we established the cut-off values based on the minimum-maximum values in the normal BM in each age group. The expression of CD10 was higher than the cut-off in 30 ALL cases and in 18 of them there was a concomitant aberrant expression of other markers. In 9 of the 10 CD10 + ALL with normal CD10 SABC values, the expression of at least one other marker was aberrant. In conclusion, the distinction between normal and leukemic cells by QFC was possible in 38/40 CD10 + ALL cases.
Introduction
The distinction between leukemic and normal hematopoietic B-precursors in the bone marrow (BM) is essential for the diagnosis and treatment monitoring of acute lymphoblastic leukemia (ALL). Previous studies have demonstrated that the detection of leukemic cells present at concentrations below the resolution by morphological analysis (minimal residual disease, MRD) may allow a better estimate of the leukemic burden and may be correlated with clinical outcome (1) (2) (3) (4) (5) (6) (7) (8) .
The immunological methods for discriminating between normal and leukemic B-precursors rely on the fact that leukemic cells may express some antigens absent in, or rarely expressed by, their normal counterparts (1, 3, 9, 10) . Nevertheless, this approach to B-ALL precursors has been disappointing because of the frequent immunophenotypic similarities between normal and leukemic B-precursors (1, 3) . Moreover, there is an increase in B-precursors in infants and childrens BM and the age-related changes must be taken into account for the diagnosis of ALL and MRD detection in the disease (11, 12) . The introduction of quantitative fluorescence cytometry (QFC) techniques allowed quantifying antigen expression in an accurate and reproducible manner (13, 14) and previous reports have suggested that leukemic cells may express antigens at densities distinct from those presented by their normal counterparts (4, 15, 16) . This method may be useful for MRD detection, as well as for the diagnosis of ALL, especially in those cases preceded by transient pancytopenia, a presentation more common in children and of difficult diagnosis (17, 18) .
As is the case for other laboratory parameters, the interpretation of flow cytometry immunophenotyping depends on the relationship of the patients data to normal reference ranges for the same population. However, the distribution of the antigen densities in the normal BM and the factors influencing it are largely unknown. In the present study, we analyzed the age-related quantitative changes in CD10, CD19, CD34, TdT and CD79a expression in 21 BM biopsies from normal subjects and in 40 patients with B-ALL precursors from the region of Ribeirão Preto, SP, Brazil. Finally, by comparing the combined quantitative expression of these markers in normal and leukemic B-precursors we were able to discriminate between them in more than 90% of the studied ALL cases.
Material and Methods

Normal bone marrow
We studied BM fragments obtained from the sternum of 12 children (<15 years) aged 2 months to 15 years (median, 2 years) who had undergone cardiac surgery for the correction of congenital cardiopathies, and 9 adults (³15 years) aged 15 to 72 years (median, 35 years), who were operated upon for valvular or ischemic heart diseases. Only patients with normal hematological counts, who exhibited no evidence of infections, autoimmune disorders or renal or hepatic dysfunction, were considered eligible. All samples were collected after obtaining informed consent from the donors or the person legally responsible for them and this investigation was approved by the Ethics Committee of the University Hospital of the Medical School of Ribeirão Preto, University of São Paulo.
Leukemic bone marrow
We studied BM aspirates from 40 patients (29 children and 11 adults) with ALL, whose immunophenotypic studies were performed by the Hematology Laboratory of the University Hospital of the Medical School of Ribeirão Preto, University of São Paulo. All cases were classified as L1 or L2 according to the FAB proposal (19) , and the immunophenotypic subset was determined using a large panel of monoclonal antibodies, as previously described (20) . In all cases, the leukemic cells were CD19 + and/or CD79a + and/or CD22 + (on the membrane or in the cytoplasm), and none of them had detectable myeloperoxidase either by cytochemistry or by immunophenotypic analysis. The T markers CD3, TCRa/ß and TCRg/d were absent in all cases. In 18% of cases the expression of CD13, CD33 or CD15 was detectable; however, cases of biphenotypic leukemia were excluded based on the scoring system proposed by the European Group for the Immunological Characterization of Leukemias (21) . Since the detection of cytoplasmic immunoglobulin was not performed in all cases, both B-II and B-III cases were included in the analysis, and the cases were designated as CD10 + ALL.
Triple-color immunofluorescence
The following monoclonal antibodies (MoAbs) conjugated with fluorescein isothiocyanate (FITC), phycoerythrin (PE) or peridin chlorophyll protein (PerCP) were used: HLe-1-PerCP (CD45-PerCP), Leu12-FITC (CD19-FITC), HPCA2-FITC (CD34-FITC) (Becton Dickinson, San Jose, CA, USA), SS2/36-PE (CD10-PE) (Dako A/S, Glostrup, Denmark), and HT1,HT3,HT4-FITC (anti-TdT-FITC) (Seralab, Crawley Down, UK). JCB 117 (CD79a) was purchased unconjugated from Dako. All antibodies were used in saturating amounts (except CD45), as determined by titration assays. The samples were analyzed for the following antigen combinations: 1) CD10/ CD19/CD45, 2) CD10/CD34/CD45, 3) CD10/TdT/CD45, and 4) CD10/CD79a/ CD45.
Intracellular staining. The mononuclear cells were isolated by density gradient centrifugation and washed twice in PBS and the cell concentration was adjusted to 0.5-1 x 10 6 cells/ml. The cells were permeabilized/ fixed by incubating for 10 min at room temperature with 2 ml of a mixture of equal volumes of 4% paraformaldehyde (PFA) in PBS and a 1:10 dilution of Becton Dickinsons FACS Lysing solution in distilled water. The cells were then washed twice with 2 ml of 0.5% (v/v) Tween 20 in PBS and incubated with 10 µl of anti-CD79a or with 10 µl of anti-TdT-FITC MoAb for 60 min at room temperature. Mouse immunoglobulin of irrelevant specificity was used as a negative control (Becton Dickinson). After washing twice with 0.5% Tween 20, the samples which had been incubated with the anti-TdT MoAb were ready to be stained for the membrane markers. After the washing step, samples which had been incubated with the anti-CD79a MoAb (indirect technique) were incubated with a goat anti-mouse antibody conjugated with FITC (Dako) for 60 min at room temperature, washed twice in the same solution, and incubated with a pool of heat-inactivated serum from normal mice for 30 min at room temperature. After washing as before, the cells were vortexed and stained for membrane antigens.
Membrane staining. In the samples to be stained only for membrane markers, the cells were initially incubated with heat-inactivated rabbit serum and then washed twice with 2 ml PBS. All samples were then incubated for 30 min at 4 o C with the MoAbs CD45, CD10 and CD19 or CD34. The negative controls were incubated with the corresponding PE/ FITC/PerCP-conjugated mouse immunoglobulins of irrelevant specificity (Becton Dickinson). After incubation, the cells were washed once with 2 ml PBS with 0.1% azide and 2% FCS and resuspended in 1 ml PBS with 0.1% azide and 1% PFA.
The results obtained for the membrane markers were identical when the labeling was performed in fresh material or when the cells were first permeabilized and stained for the intracellular markers (data not shown). When we compared the results obtained by CD79a and TdT staining in 9 normal BM samples with those obtained using the Fix&Perm Cell Permeabilization Kit (Caltag Laboratories, Burlingame, CA, USA) no significant differences were observed (data not shown).
Quantitative fluorescence cytometry
Antigen densities were determined by the calibrated measurement of fluorescence intensity from labeled microbeads. For the antigens analyzed by direct immunofluorescence we used the Quantum Simply Cellular Microbeads Kit (Sigma Chemical Co., St. Louis, MO, USA), and for the CD79a density determination we used the Dako QIFKIT Microbeads for indirect immunofluorescence staining. These kits contain a series of beads with well-defined quantities of goat antimouse polyclonal antibodies (Quantum Simply Cellular Microbeads) or mouse MoAb (QIFKIT Microbeads) that allow the calibration of the fluorescence scale. Three sets of microbeads were employed: one for calibration of the measurements by direct immunofluorescence (membrane staining), one for indirect immunofluorescence staining (CD79a staining), and one for nuclear staining (TdT staining). The beads were incubated and washed in the same way as described for the cells in the respective techniques, and the antibodies were used as recommended by the manufacturer.
FACS analysis. All samples were analyzed on a FACScan flow cytometer (Becton Dickinson) equipped with an argon ion laser with a wavelength of 488 nm using the Cell Quest software (Becton Dickinson). Fluorescence intensity was measured with FL1 and FL2 detectors and amplifiers set on a logarithmic scale. The cytometer was set up using standard operating procedures and the quality control was performed using the Calibrite Beads Kit (Becton Dickinson) and by CD3/CD4/CD8 triple staining of peripheral blood lymphocytes (22) . The mean channel number of the fluorescence intensity (MFI) determined for each population of beads was plotted versus the corresponding antibody binding capacity (ABC) values, and a best fit line was calculated by linear regression using the QuickCal software (Becton Dickinson). Figure 1 shows an example of the gate used for data analysis. The gating procedure was based on CD45 staining and sideward light scatter (SSC) and the area containing the lymphoid cells and most of the B-progenitors was selected (23) . The percentage of CD33 + cells was lower than 1% in the selected gate (data not shown). Ten thousand gated events were analyzed. The MFI value observed in the positive population was converted to ABC values by interpolation in the calibration curve. In the same way, the background antibody equivalent (BAE) was calculated by determining the apparent ABC of the negative control. The specific antibody binding capacity (SABC) is the number of primary mouse MoAbs per cell after correction for background fluorescence (SABC = ABC -BAE) and was expressed in arbitrary units (a.u.).
Similar CD10 SABC values were detected in B-precursors obtained from the aspirate and the biopsy samples of a normal subject (data not shown), suggesting that the method for BM collection did not affect the QFC analysis.
Statistical methods
To determine if the data distribution was Gaussian, we applied the KolmogorovSmirnov test (24) . Since the data were distributed in a non-Gaussian pattern, we reported the percentages of positive cells and the SABC values by using the median and minimum-maximum values. The MannWhitney U-test was applied to determine whether the distribution of the variables differed significantly (P<0.05) between groups (24). The association between age and intensity of marker expression and the association between the expression of two markers were tested by regression analysis and the Spearman rank correlation coefficient was used to determine the probability of correlation between the two variables.
Results
Age-related changes of CD10, CD19, TdT, CD34 and CD79a SABC values in normal and leukemic bone marrow Table 1 shows the distribution of the median and range of CD10, CD19, CD34, TdT and CD79a SABC values in normal and leukemic BM according to age-group. Figure 2 shows the age-related changes and the relationship between the marker SABC values in normal (crosses) and leukemic Bprecursors (squares). The relationship between the intensity of the CD10 and CD19 expression is shown in Figure 2A , whereas the relationship between CD10 and TdT, CD10 and CD34, and CD10 and CD79a expression is represented in Figure 2B , 2C and 2D, respectively. Compared to normal adults BM, the precursor cells in normal childrens BM expressed significantly (P = 0.001) lower values of CD34 SABC. A positive association between CD34 expression and age was detected among the normal individuals and Figure 3 shows the scatter diagram with the regression line of the function of CD34 SABC against age (R = 0.66; standard error of the estimate (SEE) = 50.5 x 10 3 a.u.; P = 0.004). Similarly, the median of the TdT SABC among the normal population was lower in children and increased with age ( Figure 2B) . However, the regression analysis of TdT expression against age did not demonstrate a significant positive association (R = 0.42; SEE = 58.8 x 10 3 a.u.; P = 0.056). On the other hand, no significant age-related differences in SABC values were detected among the patients with CD10 + ALL ( Table 1) .
We also analyzed the correlation between the expression levels of the different markers for normal BM. The only significant association detected was between the expression of CD19 and TdT (R = -0.5; P = 0.03).
Among normal individuals, the childrens BM presented significantly higher percentages of CD10 + , CD19 + , TdT + and CD34 + cells in relation to the adults BM ( Table 2) . There was also a higher percentage of cells expressing the phenotypes CD19 + /CD10 + , CD10 + /CD34 + , and CD10 + /TdT + in childrens BM (data not shown). In the patients with ALL, on the other hand, no significant differences were detected, except for the percentage of leukemic cells expressing TdT which was significantly higher in adults ( Table 2) .
Comparison between normal and leukemic bone marrow
The leukemic B-precursors expressed significantly higher values of CD10 SABC than their normal counterparts both in children and in adults. In addition, significantly lower values of TdT and CD34 SABCs were detected in the leukemic adults (Table 3 and Figure 2 ). Based on the study by LavabreBertrand et al. (16), we set the cut-off value for normal CD10 expression at 45 x 10 3 a.u. for both age groups. We established the cutoff values based on the minimum-maximum values in the normal BM in each age group for the remaining markers (Table 4) . For the CD79a expression analysis only a maximum value was adopted as cut-off, since we did not detect CD79a SABC values in leukemic cells lower than those obtained from normal individuals. The expression of CD10 in the leukemic cells was higher than the cut-off value in about 80% of the CD10 + ALL cases among children and in more than 60% of the adult cases (Table 5 ). In addition, among these cases, the concomitant aberrant expression of one or two of the other markers was detected in all 7 adult patients and in 11/ 23 (47.8%) children (Table 5 ). Finally, we ) 0 + TdT<cut-off* 2 (6.9%) 1 (9.1%) + TdT>cut-off* 3 (10.3%) 1 (9.1%) + CD79a>cut-off* 0 1 (9.1%) + TdT<cut-off + CD19<cut-off* 1 (3.4%) 0 + TdT>cut-off + CD19<cut-off* 1 (3.4%) 0 + CD34>cut-off + CD19<cut-off* 1 (3.4%) 0 + CD34>cut-off + CD19>cut-off* 0 1 (9.1%) + CD19>cut-off + CD79a>cut-off* 0 1 (9.1%) CD10 £45 x 10 3 a.u.
6 (20.7%) 4 (36.4%) + CD19<cut-off** 1 (3.4%) 0 + CD34<cut-off** 1 (3.4%) 1 (9.1%) + TdT<cut-off** 1 (3.4%) 0 + CD19<cut-off + CD79a>cut-off** 0 1 (9%) + TdT>cut-off + CD34>cut-off + CD19>cut-off** 1 (3.4%) 0 + TdT<cut-off + CD34<cut-off + CD19>cut-off** 0 1 (9%) + CD34<cut-off + CD19<cut-off** 0 1 (9%) + TdT<cut-off + CD19<cut-off** 1 (3.4%) 0
were able to distinguish between normal and leukemic cells in 9 of the 10 CD10 + ALL cases in which the expression of CD10 was within the normal range by analyzing the combined expression of CD19/TdT, CD19/ CD34 or TdT/CD34 (Table 5 and Figure 4 ).
Thus, in 38/40 CD10 + ALL cases, aberrant expression of at least one of the antigens by the leukemic cells was detected.
Discussion
QFC is a method based on the calibrated measurement of fluorescence intensity from labeled particles so as to determine the actual number of fluorescent ligands labeling each particle (25) , thus allowing an objective and reproducible measurement of the intensity of expression of a given antigen. Previous studies have demonstrated that differences in the intensity of B-antigen expression are related to B-maturation and to cell proliferation (26) (27) (28) (29) . Accordingly, normal and leukemic cells expressing higher CD10 intensities are more immature and have higher proliferating rates than CD10 weak cells (26) (27) (28) (29) . Although the intensity of CD10 expression may be related to cell cycle and maturation, it is not an independent prognostic factor in ALL (30, 31) . Moreover, the factors that can affect the intensity of expression of an antigen are unknown. Here we report the age-related changes observed in normal and leukemic individuals from the region of Ribeirão Preto, in the Southeast of Brazil. Both Caucasians and Africans have contributed to the ethnic background of the population and the characterization of the ALL subtypes in the same population has been previously reported (20) .
An important concern in analyzing the Bantigen densities in normal and aberrant hematopoiesis is the collection of reliable data concerning the normal B-progenitors in BM. Previous studies have analyzed samples obtained from BM aspirates of healthy adults, patients treated for malignancies or fetuses (4, 15, 16) , and it has been previously demonstrated that there are significant differences in lymphoid subset distribution between BM samples from infants, children and adults (11, 12, 32, 33) . Although immunophenotypic studies for the diagnosis and MRD detection in ALL are routinely performed in BM aspirates, we opted for the study of normal BM biopsies because it facilitates a better isolation of the normal precursor cells, considerably reducing the percentage of contaminating mature B-lymphocytes from peripheral blood (11, 12, 34, 35) . In addition, in order to better select the normal B-precursors we set up the gate of analysis based on SSC combined with CD45 fluorescence (Figure 1) , which minimizes the contamination by other irrelevant and non-lymphoid events (23) . There is a lack of data in the literature concerning the age-related changes in antigen expression. The CD10 SABC values described here in the BM of normal children are higher than those reported by LavabreBertrand et al. (16) in fetal BM and liver. The comparison between the CD10 and CD19 SABC values described here and those reported by Farahat et al. (15) in adults is hampered by the differences in the selection of the analyzed cell population. While in the present study the analysis was done on the whole lymphoid population, Farahat et al. (15) analyzed TdT + and TdT -cells separately. Nevertheless, the TdT SABC values observed by these authors in healthy adults and in patients with regenerating BM were similar to those determined here in the BM from normal adults.
Nevertheless, the most interesting finding concerning the age-related changes in normal BM was the demonstration that the lymphoid precursors in childrens BM expressed significantly lower levels of CD34 than their counterparts in adults BM, and that the expression of CD34 increases with age. Precursor cells expressing low levels of CD34 have been described (36) and the precise potential of these cells for hematopoietic reconstitution is unclear. Terstappen et al. (37) demonstrated that the CD34 dim subpopulation may include precursors committed to the erythroid, myeloid, and lymphoid lineages.
Regardless of age, an inverse correlation between the level of expression of CD19 and TdT was detected in normal BM, which may be correlated to the different pattern of expression of these markers during B-cell maturation (26) .
In the present study, analysis of the distribution of the immunophenotypic subsets in normal BM biopsies showed the predominance of immature cells in childrens BM in agreement with previous studies (11, 12) . Most cells in childrens BM are CD19 + CD10 + B-cell precursors and the percentage of CD34 + and TdT + cells was also higher in children.
No age-related differences were detected in the SABC values of the markers amongst CD10 + B-ALL precursor samples. Although a higher percentage of TdT + cells in the BM from adults was observed, the remaining immunophenotypic profile was similar for the two age groups and their leukemic cells may be considered to be in similar stages of B-cell development (21, 26) .
Compared to their normal counterparts, the leukemic CD10 + B-progenitors expressed significantly higher CD10 SABC values both in children and in adults. Farahat et al. (15) and Lavabre-Bertrand et al. (16) have previously reported higher CD10 densities in leukemic cells compared to their normal counterparts. In the three studies the maximal CD10 expression in normal B-precursors ranged from 35-50 x 10 3 a.u. We adopted the same cut-off value for CD10 expression (45inforcing the need for normal age-matched controls for QFC analysis. Nevertheless, in addition to 6 ALL cases expressing TdT SABC values below the lower cut-off, we also detected 6 ALL cases in which the expression of TdT was above the higher cutoff value for normal BM, suggesting that an upper and a lower normal cut-off value for TdT expression should be used. Contrary to the data reported by Farahat et al. (15), we did not detect significant differences in CD19 SABC values between normal and leukemic samples but, as mentioned above, this difference may be due to the cell population selected.
There is a lack of information in the literature comparing the CD79a and the CD34 densities in normal and leukemic cells. In the present study we detected 7 and 3 ALL cases in which CD34 and CD79a expression was beyond the normal boundaries, respectively, suggesting that analysis of these markers may be useful for the distinction between normal and leukemic B-precursors. However, we detected lower percentages of CD79a + cells in normal BM than those reported by Dworzak et al. (38) . Nevertheless, these authors studied only TdT + precursor cells in childrens BM. Moreover, we cannot rule out the possibility that the indirect immunofluorescence technique used here was less sensitive in detecting CD79a expression.
By our approach, we found that at least one of the 5 markers was expressed at aberrant intensity in 38/40 (95%) CD10 + ALL cases. In addition, the concomitant aberrant expression of both CD10 and another marker was detected in all the 7 adult cases and in 11/23 of the childrens CD10 + ALL cases. By analyzing the expression of CD19/TdT, CD19/CD34 or TdT/CD34 we could distinguish between normal and leukemic cells in the 9/10 CD10 + ALL cases in which the expression of CD10 was within the normal range. This suggests that the use of the combined assessment of these markers by QFC may distinguish more precisely between normal and leukemic B-precursors than the nonquantitative methods of flow cytometry, especially in the analysis of samples from children, who present a high percentage of normal B-precursors in BM that mimic the immunophenotypic features of ALL (11, 32) . Moreover, the approach described here may be useful in those cases of ALL presenting with pancytopenia, a condition of difficult diagnosis by morphological analysis alone (17, 18) .
In conclusion, we demonstrated that there are significant age-related changes in CD34 density in B-precursors of normal BM, which were not detected amongst leukemic samples. In addition, we demonstrated that the combined assessment of the expression of Brelated markers by QFC is a reliable method for the distinction between normal and leukemic B-precursors in CD10 + ALL and that the application of this method to MRD detection deserves future studies.
